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Magnetic Order in the Spin-1/2 Kagome Antiferromagnet Vesignieite
Makoto Yoshida∗, Yoshihiko Okamoto, Masashi Takigawa, and Zenji Hiroi
Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
We report results of magnetic susceptibility and 51V- and 63,65Cu-NMR measurements on
a high-quality powder sample of vesignieite BaCu3V2O8(OH)2, a candidate for the spin-1/2
kagome antiferromagnet. We observed a two-step magnetic transition: the appearance of spa-
tially inhomogeneous static moments below 13 K and a long-range order below 9 K. The NMR
data indicate a Q = 0 magnetic structure at 1.4 K with the in-plane spin components of three
sublattices oriented at nearly 120◦ to each other and the magnitude of the ordered moments
of at least 0.6 µB .
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Understanding the ground state of the spin-1/2 an-
tiferromagnetic Heisenberg model on a kagome lattice,
a two-dimensional network of corner-sharing equilat-
eral triangles, is a challenge in current condensed mat-
ter physics. Theories have proposed various ground
states, such as spin liquids with no broken symme-
try or valence-bond-crystal states.1–3) Experimental ef-
forts on quantum spin 1/2 systems have focused on ma-
terials, such as Cu3V2O7(OH)2·2H2O (volborthite),4–8)
BaCu3V2O8(OH)2 (vesignieite),
9–12) or ZnCu3(OH)6Cl2
(herbertsmithite).13, 14) These materials, however, devi-
ate from the ideal kagome model owing to disorder,
structural distortion, Dzyaloshinsky-Moriya (DM) inter-
action, or longer range interactions. Some of these ef-
fects have been theoretically investigated.15–18) In classi-
cal kagome systems, a long-range order with the
√
3×√3
pattern is favored by the order-by-disorder effect,19)
while the DM interaction stabilizes the Q = 0 struc-
ture.20)
The crystal structure of vesignieite has been reported
to be monoclinic with the space group C2/m.21) In this
structure, vesignieite has slightly distorted kagome layers
formed by isosceles triangles with two Cu sites and two
kinds of exchange interaction J and J ′ (Fig. 1).9) The dif-
ference between the Cu1-Cu2 and Cu2-Cu2 bond lengths
is very small at 0.2%,9) according to ref. 21. Examination
of various Cu-O bond lengths points to the d(3z2−r2) or-
bitals for the unpaired d-electron at both Cu sites, which
approximately satisfy the three-fold symmetry, as shown
in Fig. 1.9) Therefore, J and J ′ are expected to be nearly
equal. Recently, the structure has been reexamined by
Colman et al., who reported a bond length difference of
0.07%,10) which is negligibly small within the experimen-
tal error. More recently, H. Yoshida et al. have reported
a trigonal structure on the average with random occupa-
tion at the V and O sites.12) Although there seems to be
a small discrepancy between these reports,10, 12, 21) vesig-
nieite should be a promising candidate to explore proper-
ties of isotropic kagome systems. The magnetic suscepti-
bility χ obeys the Curie-Weiss law χ = C/(T+θW ) above
200 K with θW = 77 K.
9) A spin liquid-like ground state
was initially suggested because the specific heat and χ
∗E-mail address: yopida@issp.u-tokyo.ac.jp
data did not indicate any sign of magnetic order down
to 2 K.9) More recently, however, Colman et al. have
reported splitting of the field-cooled (FC) and zero-field-
cooled (ZFC) magnetization data below 9 K.10) Muon
spin relaxation and nuclear magnetic resonance (NMR)
studies also suggested an unusual ground state, where
small frozen moments of 0.1-0.2 µB coexist with dynam-
ically fluctuating spins.10, 11)
In this letter, we report results of χ and NMR mea-
surements on a powder sample of vesignieite with a much
improved quality. We observed a static internal field at
the 51V nuclei below 13 K and a long-range magnetic or-
der below 9 K. In contrast to the previous studies,10, 11)
our NMR results indicate that essentially all spins are
involved in a Q = 0 magnetic order with the in-plane
moments on the three sublattices oriented at nearly 120◦
with each other. The ordered moments are estimated to
be at least 0.6 µB . The magnetic order is likely to be
stabilized by a sufficiently large DM interaction.
Powder samples of vesignieite were synthesized, as de-
scribed in ref. 9. They were then annealed under hy-
drothermal condition at 580 ◦C and 60 MPa for 24
h. A significant improvement in crystalline domain size
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Fig. 1. (Color online) Schematic structure of vesignieite projected
onto the a-b plane. The H and O sites are not shown. The V sites
are located below and above the Cu kagome layers, which are re-
lated by inversion with respect to the Cu sites. Hence, all V sites
are equivalent. The arrows on the Cu sites schematically illus-
trate a 120◦ spin structure with the Q = 0 propagation vector.
The ellipsoids represent the d(3z2 − r2) orbital.
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Fig. 2. (Color online) (a) Powder XRD pattern at room tem-
perature. The inset shows a peak near 28 deg. of the annealed
(red thick line) and nonannealed (blue thin line) samples. (b)
T dependence of χ at various magnetic fields. A clear difference
between the FC and ZFC magnetizations is observed at 0.01 and
0.1 T, while they overlap each other at 1 and 5 T. The data at
5 T are expanded in the inset.
was achieved by hydrothermal annealing, as indicated
by much shaper powder X-ray diffraction (XRD) peaks
[Fig. 2(a)] than those in the previous samples.9) A
SQUID magnetometer (Quantum Design MPMS) was
used to measure χ. The 51V-NMR spectra were obtained
by summing the Fourier transform of the spin-echo sig-
nal obtained at equally spaced rf frequencies with a fixed
magnetic field B, using the pulse sequence pi/2−τ−pi/2.
The 63,65Cu-NMR spectrum at zero field was obtained by
recording the integrated intensity of the spin-echo signal
at discrete frequencies. We determined 1/T1 by fitting
the spin-echo intensity M(t) as a function of the time
t after several saturating comb pulses to the stretched
exponential recovery function
M(t) =Meq −M0 exp
{−(t/T1)β
}
. (1)
This functional form was used to quantify the inhomoge-
neous distribution of 1/T1 with the stretch exponent β,
which is close to one for homogeneous relaxation.
The XRD pattern shows additional peaks from a small
amount of secondary phases, as indicated by the arrows
in Fig. 2(a). In NMR measurements, signals from such
phases, even if observable, should appear at different fre-
quencies from the main signal. Since no signal of 51V
from secondary phases was observed in this sample, our
NMR results represent properties of the main phase.
Figure 2(b) shows the temperature (T ) dependence of
χ at various magnetic fields B. A significant increase in
χ is observed below 13 K for B less than 1 T. In addition,
a sharp peak is observed at 9 K, below which deviation
develops between the FC and ZFC conditions, indicating
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Fig. 3. (Color online) T dependence of the 51V-NMR spectra at
B = 3.0 T
a weak ferromagnetism. A similar but less pronounced
anomaly was reported previously.10) With increasing B,
the peak and hysteresis in χ become suppressed. How-
ever, the magnetic transition appears to persist up to 5
T, as indicated by a kink in χ shown in the inset of Fig.
2(b).
Figure 3 shows the T dependence of the 51V-NMR
spectra at 3 T. The spectrum at 30 K shows a powder
pattern expected for a paramagnetic phase consisting of
a sharp center line and a quadrupole-broadened satel-
lite line. In the higher T range between 100 and 300 K,
the magnetic hyperfine shift K and χ follow the same
T dependence, yielding the hyperfine coupling constant
AVhf = 0.87 T/µB. This is slightly larger than the value
reported by Quilliam et al. (0.77 T/µB).
11)
In the lower T range, the NMR line shape depends
strongly on T . Below 13 K, the spectra show a sud-
den asymmetric broadening with a shoulder, which shifts
to lower frequencies with decreasing T , as indicated by
the arrows in Fig. 3. Such a line shape, which cannot
be explained by either the anisotropic shift in the para-
magnetic phase nor the spontaneous internal field with
a fixed magnitude, indicates the appearance of internal
fields due to spatially inhomogeneous static moments.
With a further decrease in T , the line shape changes to
the sum of two rectangular spectra, a narrow one (0.12 T
wide) on top of a broader one (0.29 T wide), as indicated
by the upper and lower bars in Fig. 3, respectively. Since
a simple antiferromagnetic order leads to a rectangular
NMR powder pattern,8) this suggests a relatively simple
spin structure at low temperatures. Both the narrow and
broad spectra show a tail extending to lower frequencies,
but the reason for this is not well understood yet. In con-
trast to the previous observation,11) we did not find an
J. Phys. Soc. Jpn. Letter Author Name 3
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Fig. 4. (Color online) T dependences of 1/T1 (closed cirles) and
the stretch exponent β (open circles) for 51V nuclei at B = 3.0 T.
The inset shows the T dependence of
√
M2 at 3 T.
appreciable loss of NMR intensity at low temperatures.
Therefore, we conclude that all Cu spins are essentially
involved in the long-range ordering.
As an appropriate measure of the line width of the
spectra, we have examined the second moment defined
as M2 =
∫
(ν − 51γM1)2I(ν)dν/(51γ)2, where 51γ =
11.1988 MHz/T is the nuclear gyromagnetic ratio, I(ν)
is the NMR spectrum as a function of the frequency ν
normalized as
∫
I(ν)dν = 1, and M1 =
∫
νI(ν)dν/51γ
is the center of gravity of the spectrum. The inset of
Fig. 4 shows the T dependence of
√
M2 at 3 T. A sudden
increase in
√
M2 is clearly observed below 13 K. It tends
to saturate below 5 K.
Figure 4 shows the T dependences of 1/T1 and β (eq. 1)
at the 51V sites for B = 3.0 T. Above 20 K, β is larger
than 0.9, indicating a homogeneous nuclear relaxation.
With decreasing T below 15 K, 1/T1 begins to show an
inhomogeneous distribution. This is likely to be associ-
ated with the appearance of inhomogeneous static mo-
ments mentioned above. A sudden and steep decrease
in 1/T1 occurs below 8.5 K, whereas χ shows a peak at
9 K, further supporting a phase transition into a long-
range magnetic order. (The slight difference in transi-
tion temperature may be due to a finite field of 3 T in
the 1/T1 measurements.) Combining the T dependences
of χ,
√
M2, and 1/T1, we conclude that the magnetic
transition takes place in two steps. First, inhomogeneous
static moments appear near 13 K, as indicated by the
increase in line width (inset of Fig. 4) accompanied by
the inhomogeneous distribution of 1/T1 (Fig. 4) and the
increase in χ [Fig. 2(b)]. This is then followed by a long-
range order at TN = 9 K. The absence of a sharp peak
in 1/T1 at TN , which is usually observed in antiferro-
magnets owing to the critical slowing down of the spin
fluctuations, is an anomalous feature also reported pre-
viously.11) This may be explained by the inhomogeneous
development of static moments above TN .
To obtain information about the spin structure, we
have investigated the 63,65Cu-NMR spectrum at zero
magnetic field and at T = 1.4 K (Fig. 5). Two large
broad peaks at 87 and 130 MHz and small peaks near 47
MHz are observed. We were not able to obtain reliable
data below 40 MHz owing to a heavy acoustic ringing
and a low signal intensity. This spectrum provides direct
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Fig. 5. (Color online) The zero-field 63,65Cu-NMR spectrum at
T = 1.4 K. The solid line is a calculated spectrum for a single
value of Bint consisting of six peaks shown by the dotted lines.
evidence for a magnetic order with a large moment.
A spontaneous ordered moment M generates the in-
ternal field Bint = A
Cu
hf ·M of several T/µB on Cu nuclei
and gives rise to a zero-field resonance, where ACuhf is the
on-site hyperfine coupling tensor. Since both 63Cu and
65Cu nuclei have spin I = 3/2, the interaction between
the nuclear quadrupole moments αQ (α = 63 or 65) and
the electric field gradient (EFG) splits the zero-field res-
onance into three lines.22) The frequency of the center
line is given by αγBint, while the split satellite lines ap-
pear at αγBint ± ανQ|3cos2θ − 1 + ηcos2φsin2θ|/2 up
to the first-order perturbation in the quadrupole inter-
action.22) Here, αγ is the nuclear gyromagnetic ratio of
αCu nuclei, θ and φ specify the direction of Bint with
respect to the principal axes of EFG, η is a parameter
indicating the deviation of EFG from axial symmetry,
and ανQ is the maximum quadrupole shift proportional
to αQ. Since both isotopes have similar values of γ and Q,
65γ/63γ = 1.0712 and 65Q/63Q = 0.9252, the two sets of
quadrupole split three lines nearly overlap. Similar zero-
field Cu-spectra have been observed in a number of an-
tiferromagnets.23) The solid line in Fig. 5 is an example
of the calculated spectrum with one set of parameters
(Bint = 7.7 T,
63νQ = 45 MHz, θ = 12 deg, and η = 0).
Although the value of Bint can be directly determined
from the center peaks, an independent determination of
ανQ and θ requires the examination of 2nd and higher
order terms and involves large uncertainties.
The well-resolved zero-field Cu-NMR spectrum indi-
cates that the magnitude of Bint and its direction with
respect to the principal axes of EFG are nearly the same
for all Cu sites. If there were more than two Cu sites
with largely different values of Bint, the center line must
have split or significantly broadened. Also, the different
directions of Bint must have split or broadened the satel-
lite lines. As already mentioned, we expect the three-fold
rotational symmetry of an isotropic kagome lattice to be
approximately preserved in vesignieite because the dis-
tortion is very small (Fig. 1). Therefore, the same sym-
metry is expected for EFG and Bint at all Cu sites. The
uniqueness of Bint then leads us to conclude that the
structure of Bint is basically described by the Q = 0
propagation vector and that the in-plane components of
4 J. Phys. Soc. Jpn. Letter Author Name
Bint on the three sublattices are oriented at 120
◦ to each
other.
Determination of the spin structure requires knowl-
edge of the hyperfine coupling tensor ACuhf . As already
mentioned, the unpaired d-electron should occupy the
d(3z2 − r2) orbital on the Cu sites with the z-direction
making an angle of 26◦ with the kagome plane (Fig. 1).
The hyperfine coupling for the d(3z2 − r2) orbital has
been well understood both theoretically and experimen-
tally.22, 24) It has an extremely large anisotropy with a
sign change due to an anisotropic dipolar field. The typ-
ical values are ACuhf (‖) = 10 T/µB for M‖z and ACuhf (⊥)
= −12 T/µB for M⊥z. From the experimental value of
Bint = 7.7 T and the constraint −12 ≤ Ahf ≤ 10 T/µB,
we conclude that the magnetic moment must be larger
than 0.6 µB and its direction should be almost parallel or
perpendicular to the z-direction of the d(3z2−r2) orbital.
Because of the large anisotropy ofACuhf , the uniqueness of
Bint requires the uniqueness of not only the magnitude
of M but also the direction of M relative to z. Since
the d(3z2 − r2) orbitals and ACuhf approximately obey
the symmetry of the isotropic kagome lattice, the spin
structure should follow that of Bint. This leads to the Q
= 0 and 120◦ spin structure shown in Fig. 1. Strictly
speaking, however, the very small distortion in vesig-
nieite should break the three fold symmetry, differentiat-
ing Bint at the Cu1 and Cu2 sites. This may explain the
fine structure and broadening of the Cu-NMR spectrum
experimentally observed.
Let us now examine if this spin structure is compati-
ble with the 51V-NMR spectrum in a magnetic field. We
again assume the symmetry of an isotropic kagome lat-
tice. The hyperfine coupling between a V nucleus and
the six nearest-neighbor Cu spins should be dominantly
isotropic, but a small anisotropy (off-diagonal elements
of the hyperfine coupling tensor) is expected. Since the
sum of the in-plane components of the nearest-neighbor
spins obeying the 120◦ structure cancels out, it makes no
contribution to Bint at V nuclei if this anisotropy is ne-
glected. However, when the small anisotropy is taken into
account, the in-plane components can produce a finite
B
(1)
int perpendicular to the plane through the off-diagonal
elements. We then expect a rectangular powder pattern
with the width of 2B
(1)
int . The observed
51V-NMR spec-
tra at low temperatures (Fig. 3), however, show the su-
perposition of two such powder patterns with different
widths, 0.29 and 0.12 T. A simple possible method to
account for the two values of Bint is the consideration of
an out-of-plane spin component, which is uniform in the
ab-plane but alternates along the c∗-direction. This com-
ponent produces B
(2)
int perpendicular to the plane with
alternating signs through the main isotropic hyperfine
coupling. The total internal field at the V sites has two
values, |B(1)int + B(2)int | and |B(1)int − B(2)int |, leading to B(2)int
= 0.04 or 0.1 T. From the value AVhf = 0.87 T/µB, the
out-of-plane component of M is estimated to be 0.05 or
0.12 µB. Such a small modulation of the spin structure
could also give an additional structure to the Cu-NMR
spectrum observed in Fig. 5. It is noted that the anti-
ferromagnetic out-of-plane moment 0.05 or 0.12 µB is
much smaller than M > 0.6 µB, but is much larger than
the ferromagnetic component 0.01µB estimated from the
magnetization.
The Q = 0 structure is favored in the kagome lat-
tice with the DM interaction.15, 20) In fact, the large line
width of the electron spin resonance in vesignieite25) in-
dicates a large DM interaction.26) Therefore, vesignieite
is likely to be an example of kagome antiferromagnets,
in which a large DM interaction stabilizes the long-range
magnetic order with Q = 0 and the 120◦ spin structure.
Our conclusion is apparently inconsistent with the pre-
vious suggestion that small frozen moments coexist with
dynamically fluctuating spins.10, 11) However, there are
many similarities between the present and previous ex-
perimental results. For example, the transition tempera-
ture of 9 K is the same and the internal fields observed
at the V sites in both experiments have similar magni-
tudes at the lowest temperature.11) Therefore, both re-
sults seem to have the same physical origin. Although
the reason for the large sample dependence is not well
understood yet, we believe that our experiments on the
high-quality sample capture the intrinsic properties of
vesignieite.
In summary, our measurements reveal a two-step mag-
netic transition in vesignieite: the appearance of spatially
inhomogeneous static moments below 13 K and a long-
range order below 9 K. The nearly unique internal field
at Cu nuclei indicates that the spin structure is basically
represented by a Q = 0 propagation vector and the 120◦
orientation of the sublattice magnetizations.
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